Objectives-This paper describes a study that was carried out in the primary nickel production industry to investigate the levels of personal exposure to aerosols containing nickel and the impact on exposure assessment of introducing new personal sampling techniques with performance consistent with the latest particle sizeselective criteria. Methods-Experiments were carried out at workplaces in mining, milling, smelting, and refining works to investigate the effect of changing from the current method of total aerosol (with the widely used 37 mm filter holder) to the new method of measuring inhalable aerosol (with the Institute of Occupational Medicine (IOM) inhalable aerosol sampler). Results-The results show that inhalable aerosol exposure concentrations-for both overall aerosol and for total nickelwere consistently and significantly higher than the corresponding total aerosol concentrations. Weighted least squares linear regression yielded I0M137 mm factors ranging from about 1-2 to 4 0. The exposure data for each company process were found to be log-normally distributed. Conclusions-The results suggest the possibility of generating a single pragmatic factor for each company process for converting current total aerosol exposures to new exposures based on the inhalability concept contained in the latest particle size-selective criteria for aerosol exposure assessment. Such data may be important in determining new occupational exposure limits for nickel. (Occup Environ Med 1995;52:793-799) 
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(Occup Environ Med 1995;52:793-799) Keywords: nickel; aerosol; inhalable Human exposure by inhalation to aerosols containing nickel in workplaces occurs both in the primary nickel producing industries (mining the ore, milling, smelting, and refining) and in the using industries (alloy production, electroplating, etc.). An International Committee on Nickel Carcinogenesis was convened in 1985 under the chairmanship of Sir Richard Doll to ascertain the specific forms and levels of airborne nickel responsible for the observed risks of lung and nasal cancer.
The committee reported that the evidence "... suggests that respiratory cancer risks are primarily related to exposure to soluble nickel concentrations above of 1 mg/mi and to exposure to less soluble forms at concentrations above 10 mg/mi'.' It was also concluded that there was no evidence of hazard from exposure to metallic nickel. The committee was unable to determine with any confidence the level at which nickel exposure becomes a substantial hazard, concluding that ". . . development of quantitative dose-specific models of risk should be left to future work. This will be a challenging effort because of the uncertainty in estimates of the types and levels of nickel in the workplaces of occupationally exposed workers".
In general, standards for airborne contaminants are concerned with the process of the regulation of exposure. Here, the accurate and biologically relevant measurement of exposure is central. For many workplaces, the concept of total aerosol has traditionally been applied where an aerosol may be defined either as a nuisance-that is, posing no specific health risk but recognising that inhaling high concentrations could result in an undesirable challenge to the body's defence mechanisms-or as presenting a clear risk after contact anywhere on the body or after inhalation. This rationale is relevant to aerosols containing nickel.
At this point, it should be noted that the term total aerosol does not actually represent all the particles that are airborne. In reality, it has been defined only by whatever sampling instrument has been chosen to measure it. During the past decade, there has been considerable progress towards an improvement in the rationale for assessment of aerosol exposure in the form of new health related particle size-selective criteria for the assessment of aerosol exposure. These reflect actual inhalation and lung deposition for humans. may enter the body through the nose or mouth during breathing. This is now considered to be the most appropriate criterion for the future assessment of exposures to aerosols containing nickel.
The research described in this paper set out to better characterise the biologically relevant levels of worker exposure to aerosols containing nickel in the primary nickel production industries. The specific aims were (a) to use new aerosol sampling techniques consistent with the latest health related criteria, and (b) to compare current exposure concentrations with aerosols containing nickel measured with new (inhalable) and old (total) aerosol sampling techniques. From these results, we can assess the impact on the primary nickel production industry of the eventual implementation of new standards based on those criteria. The research was carried out during the Summer of 1993 at two nickel producing companies in North America.
Methods
Choice of worksites and workers. The research was carried out at five primary production works, involving two separate nickel producing companies, company A and company B. These works included an underground mine, a mill, two smelters, and a refinery. Worksites within each of these were identified on the basis of the general area where workers operated and where it was reasonable to expect that workers were exposed to aerosol from the same sources and of the same type. The actual numbers of samples that were obtained at each worksite depended on the number of workers that were available and the time that could be spent on site (table 1) . Workers were selected for participation with the assistance of the professional industrial hygienist responsible for each works.
AEROSOL SAMPLING
The inhalable fraction is defined quantitatively in terms of a curve describing the aspiration efficiency of the human head (or inhalability) as a function of particle aerodynamic diameter (dae). For ranges of conditions corresponding to workplaces this convention is given by the empirical expression: I = 05 {1 + exposure (-0-06 dae)} (1) for dae up to at least 100 tum. This is intended for use as a reference or target curve to measure the actual performances of samplers of inhalable aerosols. The performances of existing personal samplers intended for sampling total aerosols have been assessed in experi- Preparation of 37 mm filter holder samples for nickel estimation involved simply removing the filter and placing it in a test tube ready for digestion and measurement. For the IOM sampler, the process involved an extra stage as the inhalable fraction for this instrument is taken to be the entire catch of aerosol collected inside the cassette. For this, therefore, the filter was removed and placed in a test tube. Then the inside surfaces of the cassette were wiped out carefully with a second filter impregnated with alcohol, which was then added to the first filter already in the test tube. The quantitative analyses for nickel were conducted by an outside laboratory that had had extensive experience in working with samples containing nickel and could provide the neces- sary quality assurance and control. Quantitative analysis was carried out by inductively coupled plasma atomic emission spectroscopy (ICP-AES).
ANALYSIS OF DATA
The comparison of the exposure data for the two samplers was performed with linear regression techniques aimed at estimating the EOM/E,7 ratio for different working groups for given worksites and processes. It was assumed that: (a) the goal was to find the relation between the two measures of exposure so that 37 mm results can be converted to equivalent IOM values; (b) the relation is linear, thus permitting linear regression of the results in terms of the relation EIOM = S.E,7 (where S is the slope of a line that passes through the origin, in which the zero intercept is assumed on the basis of the fact that both samplers must measure zero concentration simultaneously and there is no physical jusification for non-linearity); and (c) the errors of individual exposure measurement are random, meaning that replicate samples of the same exposure should be normally distributed.
We considered a range of regression alternatives, including logarithmic transformation and weighted least squares. Weighted least squares regression was chosen as this method best preserved the assumptions required for regression of least squares (data normality) for our particular data set. To determine the most appropriate weighted least squares model for our data, we tested a range of options against data sets for individual workplaces (see below) that had seven or more data records. The tests were carried out by residual analysis with the SYSTAT package (SYSTAT, Evanston, IL, USA), where it was shown that the variance in the raw data increased with the magnitude of the measured concentration. A range of possible weightings were inspected to find which provided the greatest degree of the homogeneity of variance across the range of predicted values for EIOM. These tests indicated that the most appropriate option was that with wieghted least squares with all the results weighted by 1/(E37)2. The results are equivalent to the univariate weighted analysis of the individual EIOM/E37 ratios.
Outliers were considered very carefully. There were some data records-statistical outliers-whose subsequent removal might be justified on the basis of statistical tests alonefor example, leverage, studentised residuals, Cook's distance. But also, there are some data points-scientific outliers-which are highly implausible based on knowledge of the physical sampling characteristics of the samplers used (see below). For the data set examined here, it was decided to reject only those data records that both met the statistical criteria for removal and fell outside the arbitrary range j < EIOM/E37 < 7. This rationale to remove or retain outliers is broadly consistent with that expressed by others.'0 O1 For the data described in this paper, it transpired that only eight of the 157 data records (table 1) Results Studies were carried out at the primary nickel production works of two separate companies, company A and company B ( In the tables, it should be noted that, for a given works, the numbers of the sample pairs indicated for individual worksites (before removal of outliers) do not always add up to the number for the whole works in table 1. This is because statistical analyses were carried out only for individual worksites where at Occupational exposure to inhalable and total aerosol in the primary nickel production industry 
Discussion
The main feature of the comparison between samplers is that S = EIOM/E37 is consistently greater than unity. As both samplers were being exposed to the same aerosol, this clearly derives from the fundamental physical performance characteristics of the samplers themselves. This has been touched upon earlier in this paper. The general problem of the physics governing the ability of particles to be aspirated into a sampling device (of which the ones described here are just two examples) has been reviewed extensively by Vincent.12 The current understanding of this is still incomplete, especially for complex sampling situations that are invariably the case in practical sampling situations. Tsai et al13 have recently modelled the performances of personal samplers like those described. This has led to some new physical insights and has shown that aspiration efficiency-the primary index of a sampler's ability to collect particles-is strongly dependent on particle inertia in the distorted air flow near the entrance to the sampling device, and hence on particle aerodynamic diameter (embodying not only the physical size of the particle but also its shape and density), the dimensions and shape of the sampler, the size and shape of the body on which the sampler is worn, and the position of the sampler, the sampling flowrate, the external windspeed, and the orientation of the sampler and wearer with respect to the external wind. With these factors in mind, it is not at all surprising that the two samplers collected considerably different amounts of aerosol. Furthermore, the direction of the bias is as expected. It is also reasonable to expect that the size of the bias will be greater for coarser aerosol and for higher workplace windspeeds. Tables 2 to 6 show the results both for individual worksites and for each works. The numbers of data for the respective worksites are quite small. So, although there seem to be differences in the ratio EIOM/E37 between individual worksites, we cannot make a realistic assessment of the significance of those differences. This became clear when we calculated the 95% confidence intervals (95% CIs) for each of the S values (not shown). But for each company works taken as a whole, the combined data become sufficient to enable an examination of the statistical properties of exposure data. Figure 6 shows a typical data set (for company A, smelting), where the four plots show the cumulative distributions for DE37, DEIoM, NjE37, and NjEIoM. Plotted as shown on log-probability axes, the observed straight line characteristics suggest that the distribution of exposures is log-normal, a tendency that was confirmed by application of the quantitative Lilliefors and ratiometric tests.'4 '5 This finding has some implications for the results of the comparisons between samplers, suggesting the possibility-for pragmatic purposes-of assigning a single process wide coefficient for '6 In future extensions of the work reported here, it is our intention to combine these data with knowledge of the physical sampling performance of both the IOM and the 37 mm samplers, along with measured data for the particle aerodynamic size distributions and environmental factors (windspeed) in the nickel industry workplaces visited. Thus the relation between E1OM and E,7 will be modelled in a way that will permit wider generalisation of the results to works where experiments were not conducted during this study. When that goal is achieved, we shall have a basis for reconstructing past exposures to make them consistent with the latest particle size-selective sampling, and be able to assess the overall impact of implementing the new ACGIH criteria in standards. The first of these will be valuable to improve the exposure assessment component in further epidemiological research, including extensions of work like that of the International Committee on Nickel Carcinogenesis.'
The work that has been described in this paper can ultimately be important to the process of bringing the new particle sizeselective framework for standards of aerosols into effect. In the meantime, however, the introduction of new limit values based on the old total aerosol concept is inappropriate.
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Occupational exposure to inhalable and total In a mere 18 pages of text the ionising radiation and cancer chapter tackles the scientific aspects of a complex problem area in a balanced way, noting where the jury is still out. Its author would have been well placed to inform the general reader of certain important facts of epidemiological life in relation to the saga of access to the Hanford data, the reassessments of bomb victim doses, and the size of population that would be required to evaluate low dose risk predictions. The chapter on electromagnetic fields as carcinogens, reviews the epidemiological evidence for a cancer risk from exposure to electric and magnetic fields in a balanced manner that does credit to an author involved in the field. His conclusion that: "More research is needed" reiterates that made at several conferences both on electromagnetic fields and RF over the past 30 years. The editor appropriately is author of the chapter on mineral dusts and fibres which covers asbestos, crystalline silica, and man made fibres. He has been an influential and a powerful participant in this controversial field, a measure of which is his contribution to over a fifth of the 93 references cited in this chapter. The publishers are to be congratulated on the appearance of this book and their ability to include in a book printed this year and received for review in August, a paper by Wilkinson P, et al published as recently as 29 April in The Lancet. On the other hand McDonald cites a Finnish paper of 1974 to the effect that anthophyllite has produced ".. . few if any cases of mesothelioma", when there are more recent publications from the authors that are less sanguine.
The section headed: Non-malignant diseases deals with such individual items as: asthma, dermatoses, neurobehavioural effects, noise and vibration, back and limb disorders, and work stress, but also includes chapters entitled work in agriculture, and work and pregnancy. The section on methodology has chapters dealing with study design, assessment of exposure, measurement of outcome, evaluation of preventive measures, and a mathematician friendly account of analysis and interpretation, stronger on analysis than on interpretation, suggesting that the title may not have been first choice of the excellent author. The book concludes with two discursive essays, in one of which the author (UK) writes under the title Epidemiology and occupational medical practice, and the other in which the author (US) discusses occupational epidemiology and public policy. Both authors find that all is not lovely in the garden, objecting to the media and the courts, and lamenting the distrust of epidemiologists. Although their plaint has some substance, they do not inform the reader of the other side of the adversarial coin. Lip service is paid to the importance of the expertise of the occupational physician in occupational epidemiology, but the observer will note that the game is the preserve of the academics and that they do not seem to recruit physicians from the shop floor any more into academia.
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